Abstract Breast tumour progression results from the advancement of the disease to a metastatic phenotype. Rac1 and Cdc42 belong to the Rho family of genes that, together with their downstream effectors, Wiskott-Aldrich Syndrome protein-family verprolin-homologous protein 2 (WAVE2) and Arp2/3, assume a vital part in cytoskeletal rearrangement and the arrangement of film projections that advance malignant cell relocation and invasion. Mangiferin is a characteristic polyphenolic compound from Mangifera indica L. (Anacardiaceae), ordinarily referred to as mango, that is consumed worldwide as a natural product, including culinary and seasoning applications. Mangiferin delays breast malignancy development and progression by inhibiting different signalling pathways required in mitogenic signalling and metastatic progression. Studies were performed to analyse the impact of mangiferin on Rac1/WAVE2 flagging, relocation and invasion in highly metastatic human MDA-MB-231 mammary cells. Additional studies led to the observation that comparative treatment with mangiferin caused marked reduction in tumour cell movement and invasion. Taken together, these discoveries demonstrate that mangiferin treatment adequately hinders Rac1/WAVE2 flagging and diminishes metastatic phenotypic expression in malignant mammary cells, indicating that mangiferin may provide a benefit as a novel restorative approach in the treatment of metastatic breast cancer.
Introduction
Breast malignancy is a noteworthy medical issue and one of the primary reasons for tumour growth-related mortality in women (Dubey et al. 2015) . By far, most breast tumour growth results from the progression of the metastatic phenotype, which is described as malignant cells separating from the essential tumour and spreading to distal destinations in the body-for example, the bone, brain, encompassing lymph hubs, liver, and lungs (Escudero-Esparza et al. 2012; Ishihara et al. 2013; Ko et al. 2014) . Breast tumour metastasis is a complex and multistep process that incorporates morphological changes, separation from the cellular layer, expanded versatility and invasion into encompassing tissues, intravasation, flow, bond, extravasation, and development at distal destinations (Yamaguchi and Condeelis 2007 ). An underlying step in the metastasis procedure includes the epithelial-tomesenchymal transition (EMT), where neoplastic epithelial cells lose their cell extremity and acquire mesenchymal-like versatility that permits them to attack encompassing tissues (Ozdamar et al. 2005; Kalluri and Weinberg 2009 ). This amoeboid-like development requires the arrangement of cell projections that result from the transformation of monomeric globular actin (G-actin) into polymerized filamentous actin (Foerster et al. 2014) .
The amoeboid type of tumour cell relocation is described by adjusted morphology and broad RhoA flagging. Tumour cells can switch between these 2 development types depending on their movement by repressing Rho/ROCK flagging (Symons and Segall 2009) . Additionally, promotion of the mesenchymal phenotype that leads to a noteworthy increment in the quantity of melanoma cells moving through CECs (Circulating Endothelial Cells) could be investigated (Wilhelm et al. 2014) . Here, we investigated melanoma and breast malignancy cells regarding mesenchymal versus amoeboid relocation through the brain endothelium. Whether tumour cells promote Rho/ROCK or Racsubordinate transendothelial movement is clinically significant because inhibitors of both Rho/ROCK (e.g. fasudil) and Rac pathways are increasingly being used as providing potential benefit. Wiskott-Aldrich Syndrome protein-family verprolin-homologous protein 2 (WAVE2) and the Arp2/3 complex are downstream effectors of Rac1/Cdc42 that prompt the development of layer bulges that are required for tumour cell development (Kurisu and Takenawa 2010; Yokotsuka et al. 2011) . Among the few members of the WAVE group of proteins, WAVE2 has appeared to be the most critical in directing actin polymerization, lamellipodia development and mesenchymal-like versatility in different malignant cell types (Takenawa and Miki 2001) .
Mangiferin, 1,3,6,7-tetrahydroxyxanthone-C2-beta-d-glucoside, a type of xanthone derivative and C-glucosylxanthone, is a monomeric compound from plants of the Anacardiaceae and Gentianaceae families. Dar et al. (2005) reported that mangiferin exhibited various natural benefits, including cell reinforcement and anti-tumour (Guha et al. 1996) , antibacterial, antiviral and immunomodulatory activities (Duang et al. 2011) . Additionally, previous studies have revealed that mangiferin displays antineoplastic effects on prostate malignancy (GarciaRivera et al. 2011) , colon cancer (Noratto et al. 2010) , leukaemia (Percival et al. 2006) , and lung cancer (Rajendran et al. 2015) . It has already been proposed that mangiferin can hinder the expansion of K562 leukaemia cells and initiate cell apoptosis using the downregulation of NF-jB action. Additionally, Cheng et al. (2007) reported that mangiferin hinders telomerase activity in K562 cells in a time-and concentration-dependent manner, induces apoptosis, and upregulates mRNA and protein levels. Telomerase is a reverse transcriptase enzyme that carries its own RNA molecule which is used as a template when it elongates telomeres. In the present study, we investigated the effect of mangiferin on Rac1/WAVE2 inhibition and invasion in MDA-MB-231 mammary tumour cells in vitro.
Materials and methods

Reagents and antibodies
Chemicals and reagents were obtained from SigmaAldrich (St. Louis, MO, USA), unless otherwise indicated. Anti-actin was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Goat anti-rabbit rabbit secondary antibody (Ab) was acquired from Perkin Elmer, Inc. Biosciences (Boston, MA, USA). Cultrex Ò BME Cell Invasion Assay Kit was acquired from Trevigen (Gaithersburg, MD, USA).
Cell lines and culture conditions
Human MDA-MB-231 breast cancer cells were purchased from American Type Culture Collection (Manassas, VA, USA). MDA-MB-231 breast epithelial cancer cells were grown in RPMI-1640 medium supplemented with 10% foetal bovine serum supplemented with 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 10 lg/mL insulin and were maintained at 37°C in a humidified incubator provided with 95% air and 5% CO 2 . MCF-7 cells, obtained from the American Type Culture Collection, were cultivated in a 1:1 mixture of DMEM and Ham's F-12 medium supplemented with 5% (vol:vol) FBS. For experiments, cells were separated and collected for stock culture by first washing in sterile Ca 2? and Mg phosphate-buffered saline (PBS), then incubating the cells in 0.05% trypsin containing 0.025% ethylenediaminetetraacetic acid (EDTA) in PBS for 5 min at 37°C. Cells were then centrifuged, resuspended in medium and counted using a haemocytometer.
Experimental treatments
Mangiferin was first dissolved in 70% DMSO and then was added to sterile 10% BSA in water, followed by incubation at 37°C overnight with gentle shaking as described previously (Higgs and Pollard 1999) . This mangiferin stock solution was then used to prepare different concentrations in the test media.
Measurement of cell viability
For cell viability examination, MDA-MB-231 and MCF-7 cells were seeded at a density of 1 9 10 4 cells/ well in 96-well culture plates (5 replicates/condition). The next day, cells were divided into different treatment groups according to the concentration of mangiferin (10-50 lM). Cells were grown in the respective test media, which were replaced every other day for 4 d. For cytotoxicity experiments, MDA-MB-231 and MCF-7 cells were seeded at a density of 1 9 10 4 cells/well in 96-well culture plates (5 replicates/condition), maintained in control media and were allowed to grow for 3 day (roughly up to 70% confluency). Cells were then divided into different treatment groups and were treated with 10-50 lM mangiferin for 24 h. The following day, cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay as performed previously (Desai et al. 2016; Lucato et al. 2015) . Briefly, cells were incubated at 37°C for 3 h in control media containing 0.5 mg/ mL MTT. Thereafter, medium was removed, the formed formazan crystals were dissolved in dimethyl sulfoxide (DMSO; 100 lL/well), and the optical density of each specimen was measured at 570 nm using a microplate reader (SpectraCount; Packard BioScience Company, Meriden, CT, USA). The quantity of cells/well was computed against standards arranged by plating known cell densities at the beginning of experimentation.
Western blot analysis MDA-MB-231 cells were plated at 1 9 10 6 cells/100-mm culture plate. The following day, the cells were treated with medium containing the respective mangiferin concentrations for 4 d. Thereafter, the cells were washed with PBS, trypsin was utilized to detach cells, and lysates were collected for further analysis. The Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA) was utilized to determine the protein concentration in each sample. Then electrophoresis using sodium dodecyl sulfate (SDS)-polyacrylamide minigels was performed. The SDS-PAGE electrophoresis conditions were as follows: 12% gel, 90 V for 90 min, and 25 lg/protein loaded per well. Proteins from each gel were then transferred at 30 V for 12-16 h at 4°C onto a solitary polyvinylidene fluoride film (DuPont, Boston, MA, USA). The membranes were then blocked and incubated with the respective primary antibodies diluted 1:1000 to 1:5000 as depicted already. The membranes were then washed and incubated with the respective horseradish peroxideconjugated secondary antibody diluted 1:5000 for 1 h. Proteins were visualized by chemiluminescence (Pierce, Rockford, IL, USA), and images were acquired using the Syngene Imaging System (Fredrick, MD, USA). Actin expression was used as a loading control. Analyses were performed at least 3 times, and representative images are shown in the figures.
Immunocytochemical fluorescence staining MDA-MB-231 cells were plated at 2 9 10 4 cells/ chamber in an 8-well chamber glass slide (BD Falcon, San Jose, CA, USA) and were maintained in medium. The following day, the medium was removed, cells were washed in PBS, and then they were incubated with their respective test media (10 lM mangiferin) for 4 d. Thereafter, cells were washed, resuspended in 4% paraformaldehyde/PBS and then permeabilized with 0.2% Triton X-100/PBS as described previously. The cells were then washed, blocked with 5% goat serum, and then were incubated with the primary Ab against WAVE2 (1:1000) at 4°C overnight (Iwaya et al. 2007 ). The following day, cells were washed and then were incubated with Alexa Flour 488-conjugated secondary Ab (1:5000) (Iwaya et al. 2007 ). Slides were washed and mounted with Vectashield medium containing 4 0 -6-diamidino-2-phenylindole (DAPI) (Vector Laboratories Inc., Burlingame, CA, USA) (Iwaya et al. 2007 ). An LSM Pascal confocal microscope (Carl Zeiss Microimaging Inc, Thornwood, NY, USA) was then used to capture fluorescent images.
Invasion assay
Tumour cell invasion was determined using the Cultrex Ò 96-well basement membrane extract (BME) invasion assay system according to the manufacturer's instructions (Trevigen Inc., Gaithersburg, MD, USA). MDA-MB-231 cells were plated at a thickness of 1 9 10 6 cells/100-mm culture plate and were maintained in their respective control media for 3 day (approximately up to 70% confluence). Subsequently, cells were washed in sterile PBS, incubated in serum-free medium and starved for 24 h. The following day, cells were trypsinized, washed, and counted, and 5 9 10 4 cells/well (5 wells/group) were plated on the top layer of the 96-well plate in 50 lL of medium containing 10 lM mangiferin, and RPMI medium containing 10% FBS was used as a chemo attractant. Next, 120 lL of the control or test medium was added to the basement chamber of the plate. After 24 h of incubation period, the top assembly of cells was then washed, and analysed at 485 nm (excitation), 520 nm (emission). The fluorescence intensity of each sample was then measured against a standard to determine the percent cell invasion as described in the guidelines of the unit.
Migration assay
MDA-MB-231 cells were plated in 24-well plates (5 replicates/group) and were incubated overnight to form a sub-confluent cell monolayer. Wounds were then made by making a scratch with a sterile 200-lL micropipette tip. The medium was then removed, cells were washed, and then they were fed with their respective serum-free-test medium containing 10 lM mangiferin and 10 ng/mL EGF as a mitogen. After 24 h, the media were removed, cells were washed in ice-cold PBS, fixed in -20°C methanol, and then stained with Giemsa reagent. Images were visualized using a phase-contrast microscope (Nikon Eclipse TS100 inverted microscope; Nikon Instruments Inc., Melville, NY, USA).
Statistical analysis
Differences among treatment groups were determined using one-way ANOVA followed by Dunnett's t test. p \ 0.05 was considered to be statistically significant compared with their respective control groups.
Results
Growth inhibitory effects of mangiferin on human mammary epithelial cells
After treatment for 4 d, mangiferin induced a doseresponsive inhibition in the growth of MDA-MB-231 and MCF-7 tumour cells compared with their respective vehicle-treated control groups (Fig. 1A1, A2 ). The IC 50 dose for mangiferin was determined to be 10 lM for MDA-MB-231 and MCF-7 cells. After 24 h of treatment, mangiferin induced a dose-responsive reduction in the viability of MDA-MB-231 and MCF-7 breast cancer cells compared with that of control cells (Fig. 1B1, B2 ).
Effects of mangiferin on Rac1/WAVE2 signalling protein expression in mammary tumour cells Western blot analysis shows that, after 4 days of treatment with 0-10 lM mangiferin, MDA-MB-231 mammary tumour cells displayed a dose-responsive decrease in Rac1/Cdc42, phospho-Rac1/Cdc42, WAVE2, Arp2, and Arp3 compared with cells in their control groups (Fig. 2) .
Effects of mangiferin on WAVE2 immunofluorescent staining in mammary tumour cells MDA-MB-231 (Fig. 3 ) cells in their respective control groups displayed a moderate level of positive WAVE2 immunofluorescent staining. Treatment with 10 lM mangiferin resulted in nearly complete elimination of positive WAVE2 immunofluorescent staining (Fig. 3a) . Image analysis of fluorescence photomicrographs showed that treatment with 10 lM mangiferin resulted in a significant decrease in positive WAVE2 staining in MDA-MB-231 (Fig. 3b ) mammary tumour cells compared with cells in their respective treated control groups.
Effects of mangiferin on mammary tumour cell migration
The migration assay was used to determine the effects of mangiferin on MDA-MB-231 breast cancer cell motility. Cells in the MDA-MB-231 control groups displayed nearly complete wound closure, whereas treatment with 10 lM mangiferin resulted in a large reduction in cell migration after 24 h (Fig. 4a) . Quantitative analysis determined that mangiferin treatment significantly inhibited breast cancer cell migration by nearly 62% (MDA-MB-231) compared with cells in their respective control groups (Fig. 4b) .
Effects of mangiferin on mammary tumour cell invasion
The cell invasion assay was used to determine the effects of mangiferin on MDA-MB-231 breast cancer cell invasion. The results showed that MDA-MB-231 cells in the treated control groups displayed nearly cells/well (6 wells/group) in 96-well plates. Cells were allowed to attach for a 24-h period and then were subjected to their specific treatments for 4 d. b All cells (MCF-7) were initially plated at a density of 1 9 10 4 cells/well (6 wells/group) in 96-well plates and were maintained in medium for 3 days (approximately 70% confluence). Cells were then exposed to their respective treatments for 24 h. The MTT colorimetric assay was used to count the viable cell number. Vertical bars indicate the mean cell number ± SEM in each treatment group. *p \ 0.05 compared with their respective treated control group Cytotechnology (2018) 70:593-601 597 complete invasion into the BME layer, whereas treatment with 10 lM mangiferin caused an approximate 65% reduction in MDA-MB-231 cell invasion into the BME layer compared with cells in their respective treated control groups (Fig. 4c ).
Discussion
Results from these studies demonstrate that treatment with 4 lM mangiferin induced a significant inhibition in the growth of the highly metastatic MDA-MB-231 mammary tumour cells. However, treatment with higher doses of mangiferin had little or no effect on the growth or viability of immortalized normal human MCF-10 A mammary epithelial cells (data not shown), indicating that cancer cells display selective sensitivity to the antiproliferative effects of mangiferin compared with normal, noncancerous cells. The anticancer effects of mangiferin have previously been described in detail (Rajendran et al. 2013 (Rajendran et al. , 2015 . Specifically, studies have shown that breast cancer cells exposed to growth-inhibiting doses of mangiferin significantly activated ERa,b and their downstream effectors, including mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)/Akt, Stat, and nuclear factor kappa B (NF-jB) (Wilkinson et al. 2015; Jang et al. 2016; Suchal et al. 2016; Dou et al. 2014; Jeong et al. 2014) . Moreover, mangiferin inhibition of c-Met receptor flagging was specifically associated with reduced EMT, as demonstrated by the increased expression of epithelial markers such as E-cadherin, b-catenin, and cytokeratins 8/18 and reduction in vimentin expression, a mesenchymal marker (Ayoub et al. 2011) . Thus, Rac1/WAVE2 plays an important role in advancing EMT and metastasis in different tumour cell types (Higgs and Pollard 1999) (Fig. 5) . Discoveries in the present study demonstrate that mangiferin treatment causes a noteworthy inhibition of the Rac1-WAVE2-Arp2/3 signalling pathway in MDA-MB-231 breast cancer cells. Immunofluorescence concentrates affirmed these discoveries and demonstrated that comparative treatment with mangiferin brought about a huge lessening in positive WAVE2 staining in these metastatic breast cancer cell lines. Rac1/WAVE2-dependent actin polymerization is required for cytoskeletal-mediated cellular protrusions, membrane ruffling and mobility (Higgs and Pollard 1999; Upadhyaya and van Oudenaarden 2004) . Mangiferin treatment fundamentally repressed MDA-MB-231 breast cancer cell growth. Moreover, comparable treatment with mangiferin reduced the viability of these cells as demonstrated by the wound healing assay. These findings suggest that the inhibition of Rac1/WAVE2 flagging by mangiferin is related to reduced cytoskeletal changes, as demonstrated by cell viability and invasion in metastatic breast cancer cells (Saenz-Narciso et al. 2016) . Previous studies have investigated the role of WAVE proteins in actin polymerization, membrane protrusions and mobility in breast cancer cells (Desai et al. 2016; Lucato et al. 2015) . Investigation of the three WAVE protein expression levels in human breast tumour biopsies indicated abnormal amounts of all WAVE proteins in breast tumours; however, only WAVE2 expression was associated with a highly metastatic phenotype and poor prognosis in patients, although increases in WAVE1 and WAVE3 demonstrated no such connection. Different studies demonstrated that Arp2 and WAVE2 are co-expressed in a high rate of intrusive ductal breast carcinomas but not in adjacent normal tissue (Iwaya et al. 2007) . Taken together, the findings in the present study suggest that the inhibitory effects of mangiferin on malignant MDA-MB-231 breast cancer cell migration and invasion appears to be mediated by suppression in Rac1/WAVE2 signalling and indicate that mangiferin may provide some benefit in the treatment of metastatic breast cancer.
